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INTRODUCTION 

One of t h e  major problems assoc ia ted  with coa l  combustion is the  bui ldup of 
s i n t e r e d  ash d e p o s i t s  in the  convect ive passes  of b o i l e r s .  These d e p o s i t s ,  
re fe r red  t o  as foul ing  d e p o s i t s ,  can d r a s t i c a l l y  reduce hea t  t r a n s f e r ,  cause 
erosion by channel iz ing gas  flow, and c o n t r i b u t e  t o  the  corrosion of exposed 
metal surfaces .  Downtime f o r  c leaning fouled commercial b o i l e r s  can be a 
multi-million- d o l l a r  expense (1) .  

U t i l i t y  b o i l e r s  g e n e r a l l y  a r e  designed t o  burn coa l  t h a t  f a l l s  within a 
s p e c i f i c  foul ing  behavior range. Therefore ,  t o  minimize the d e l e t e r i o u s  
e f f e c t s  of b o i l e r  f o u l i n g  and t o  maximize b o i l e r  e f f i c i e n c y ,  i t  is necessary 
t o  a n t i c i p a t e  or  a s s e s s  the  foul ing  c h a r a c t e r i s t i c s  of a coa l  p r i o r  t o  
combust ion.  

This paper in t roduces  a new method f o r  pred ic t ing  foul ing  depos i t  weights by 
using commonly a v a i l a b l e  coa l  q u a l i t y  data .  

We have developed a modified concept of t h e  coa l  q u a l i t y  c h a r a c t e r i s t i c s  t h a t  
in f luence  foul ing.  T h i s  concept evolved from a review of the  l i t e r a t u r e  and 
from the s t a t i s t i c a l  a n a l y s i s  of r e s u l t s  from 44 combustion t e s t s .  

COAL-POLKINDASSESSMENT INDICES 

Several  f o u l i n g  i n d i c e s  based on ash chemistry have been proposed ( 2 ) .  
a r e  appl icable  t o  c o a l  with e a s t e r n ,  or bituminous, ash,* These i n d i c e s  have 
met with mixed success .  Wall e t  a l .  (3 )  s t a t e  t h a t  " t h e r e  may be ve ry  severe 
l i m i t a t i o n s  t o  t h e  a p p l i c a b i l i t y  of ' f o u l i n g  ind ices '  based on elemental  
ana lys i s  or  even on f u s i o n  observations...." Moreover, Wall e t  a l .  ( 3 ,  p. 8) 
note  t h a t  at a conference on combustion " a  number of speakers  s t a t e d  t h a t  
fou l ing  i n d i c e s  they had used appeared appl icable  only t o  coal  from a 
p a r t i c u l a r  f i e l d . "  

Most 

*For technologica l  purposes ,  c o a l s  in which the  sum of t h e  calcium oxide and 
magnesium oxide content  is g r e a t e r  than the  f e r r i c  oxide content  a r e  
charac te r ized  a s  having "eastern" or  "bituminous" ash. The r e l a t i o n s h i p  is 
reversed f o r  c o a l s  charac te r ized  as having "western" or  " l i g n i t i c "  ash. 
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One reason f o r  t h e  lack  of success  i n  applying t h e  foul ing  i n d i c e s  is t h a t  
fou l ing  d e p o s i t s  a r e  formed from a complex s e r i e s  of phys ica l  and chemical 
i n t e r a c t i o n s  involving s e v e r a l  chemical c o n s t i t u e n t s  i n  the  coal .  
i n d i c e s ,  however, focus on only a f e w  of these  c o n s t i t u e n t s  and put major 
emphasis on t h e  sodium content .  

The f o u l i n g  

METHODS 

The d a t a  used in t h i s  s tudy  were suppl ied by t h e  Univers i ty  of North Dakota 
Energy Research Center (UNDERC) i n  Grand Forks, North Dakota. The UNDERC 
suppl ied the  r e s u l t s  from over 200 combustion t e s t s  conducted i n  a p i l o t -  
s c a l e  test combustor. I n  addi t ion  t o  t h e  combustion test r e s u l t s ,  t h e  UNDERC 
a l s o  provided complete c h a r a c t e r i z a t i o n  of t h e  c o a l  samples t e s t e d ,  and t h e  
combustion condi t ions  maintained during t h e  course  of each test. Coal 
c h a r a c t e r i z a t i o n  included proximate, u l t i m a t e ,  and ash composition 
information.  Table 1 shows the  c o a l  composition va lues  and combustion t e s t  
r e s u l t s  used a s  v a r i a b l e s  i n  our study. 

We s e l e c t e d  a set of 44 samples from t h e  raw d a t a  provided by UNDERC. 
d a t a  s e t  served a s  t h e  b a s i s  f o r  developing t h e  model for  f o u l i n g  d e p o s i t  
p red ic t ion .  The development d a t a  set 1) is r e p r e s e n t a t i v e  of t h e  UNDERC d a t a  
set containing d a t a  on l i g n i t e s  and subbituminous c o a l s  predominantly from t h e  
Northern Great P l a i n s  Coal Province, 2)  conta ins  a t  l e a s t  one observat ion from 
each mine or l o c a l i t y  represented i n  t h e  UNDERC f i l e ,  3) h a s  no sample 
d u p l i c a t i o n ,  4)  i s  taken from samples t h a t  e x h i b i t  a wide range of 
compositions and f o u l i n g  behaviors ,  and 5) had s i m i l a r  combustion t e s t  
condi t ions .  

Our goa l  was t o  use t h e  development d a t a  s e t  t o  model f o u l i n g  depos i t  weight 
i n  grams per m i l l i o n  Btu by using c o a l  q u a l i t y  parameters a s  independent 
v a r i a b l e s .  Coal feed r a t e s  and t o t a l  c o a l  burned i n  a t e s t  could v a r y  from 
test t o  test, depending upon the  c a l o r i f i c  va lue  of t h e  coal .  Therefore ,  
conversion of depos i t  weights t o  a weight per  m i l l i o n  Btu b a s i s  p u t s  the  
foul ing  tendency on a u n i t  energy input  b a s i s ,  a b a s i s  f requent ly  used by 
b o i l e r  o p e r a t o r s  f o r  o t h e r  purposes such a s  e v a l u a t i n g  s u l f u r  emissions. 

The f i rs t  s t e p  in d a t a  a n a l y s i s  w a s  t o  determine i f  t h e  n a t u r a l  frequency 
d i s t r i b u t i o n s  of t h e  v a r i a b l e s  i n  t h e  development d a t a  s e t  approximate a 
normal frequency d i s t r i b u t i o n .  In  a l l  s t a t i s t i c a l  analyses ,  we assumed t h e  
v a r i a b l e s  t o  be approximately normally d i s t r i b u t e d .  Therefore ,  t h e  v a r i a b l e s  
t h a t ,  i n  t h e i r  o r i g i n a l  form, were not  normally d i s t r i b u t e d  were mathema- 
t i c a l l y  transformed t o  y i e l d  frequency d i s t r i b u t i o n s  t h a t  approximated normal 
d i s t r i b u t i o n .  The t ransform funct ions  (Table  1) f o r  each v a r i a b l e  were used 
i n  a l l  subsequent ana lys i s .  

The second s t e p  i n  our s tudy was t o  conduct b i v a r i a t e  ana lyses ,  i.e., 
c a l c u l a t i o n  and i n t e r p r e t a t i o n  of c o r r e l a t i o n  c o e f f i c i e n t s  (r-squared 
values) .  
fou l ing  depos i t  weight. 

The t h i r d  and p r i n c i p a l  s t e p  i n  our a n a l y s i s  was t o  employ m u l t i p l e  regress ion  
a n a l y s i s  t o  develop a model. We used t h e  STEPWISE, RSQUARE, and REG 
procedures i n  SAS ( 4 )  t o  develop and e v a l u a t e  poss ib le  models. 

This  

This a n a l y s i s  determined which v a r i a b l e s  most c l o s e l y  c o r r e l a t e  with 

All of these 
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procedures a r e  l i n e a r  least-squares  methods f o r  e s t a b l i s h i n g  empir ica l  
r e l a t i o n s h i p s  between one or  more independent v a r i a b l e s  and some response 
var iab le .  In our case,  the independent v a r i a b l e s ,  or regressor  v a r i a b l e s ,  a r e  
transformed coa l -qua l i ty  parameters. The response v a r i a b l e  is t h e  log 
funct ion of the foul ing  depos i t  weight in grams of depos i t  per m i l l i o n  Btu 
f i r e d .  

Models were evaluated on t h e  b a s i s  of t h e  improvement in r-squared va lues ,  the  
decrease i n  the r e s i d u a l  sum of squares ,  the s i g n i f i c a n c e  of parameter 
es t imates  f o r  each v a r i a b l e ,  and the  l inkage  between foul ing  behavior and each 
v a r i a b l e  being considered. S t a t i s t i c a l  s i g n i f i c a n c e  alone was not  enough t o  
include a v a r i a b l e  i n  t h e  model. The f i n a l  model s e l e c t e d  was one t h a t  
maximized the  f i t  of the  predicted va lues  t o  t h e  a c t u a l  fou l ing  depos i t  weight 
values;  thus ,  maximizing t h e  r-squared value and minimizing t h e  sum of squared 
res idua ls .  

F ina l ly ,  w e  t es ted  t h e  model. For t h i s  purpose, we se lec ted  a second set of 
observa t ions  from t h e  raw UNDERC d a t a  s e t .  This  s e t  had the same 
c h a r a c t e r i s t i c s  a s  t h e  development d a t a  s e t  but contained only 15 samples and 
had no observa t ions  in common with the  o r i g i n a l  d a t a  s e t .  We t e s t e d  the  model 
by c a l c u l a t i n g  a pred ic ted  foul ing depos i t  weight using the  model and then by 
comparing t h e  c a l c u l a t e d  depos i t  weight with t h e  a c t u a l  depos i t  weight. 

RESULTS 

Bivar ia te  Analysis 

I n  the process  of c a l c u l a t i n g  the  c o r r e l a t i o n  c o e f f i c i e n t s  f o r  t h e  v a r i a b l e s  
in the development d a t a  s e t  we discovered t h a t  s e v e r a l  coa l  compositional 
parameters have s i g n i f i c a n t  c o r r e l a t i o n  with foul ing  depos i t  weight (Table 
2) .  
(Si), sodium (Na), aluminum (Al), and t h e  a l k a l i  r a t i o  a r e  s i g p i f i c a n t l y  
r e l a t e d  t o  fou l ing  depos i t  weight. However, even though the c o r r e l a t i o n s  a r e  
s i g n i f i c a n t  a t  the  1-percent confidence l e v e l ,  t h e  c o r r e l a t i o n  c o e f f i c i e n t s  
a r e  not very high i n d i c a t i n g  t h a t  no one v a r i a b l e  is p r i n c i p a l l y  respons ib le  
f o r  v a r i a t l o n  in foul ing  depos i t  weight. 
coa l  composition is too complex t o  expla in  with j u s t  one var iab le .  This  
r e l a t i o n  is i l l u s t r a t e d  by means of a few s c a t t e r  p l o t  diagrams, one showing 
sodium versus  depos i t  weight (Fig. 1 )  and the  o ther  showing ash y i e l d  versus  
depos i t  weight (Fig. 2). 

Sodium, a t  p resent ,  is t h e  most widely used predic tor  of foul ing tendency; 
y e t ,  Figure 1 demonstrates t h a t  low sodium oxide content  i n  a c o a l  does not 
guarantee low f o u l i n g  or t h a t  high sodium oxide content  equates  with severe 
fouling. Obviously, fou l ing  behavior is dependent upon something o ther  than, 
or in a d d i t i o n  t o ,  t h e  sodium oxide content  of coal .  

Figure 2 shows the  d r y  ash y ie ld  of a coa l  p l o t t e d  aga ins t  the  c o a l ' s  fou l ing  
deposi t  weight. 
for Na20, t h e r e f o r e ,  a s  ash y ie ld  increases  so  too should foul ing  depos i t  
weight. This may be thought of a s  t h e  b o i l e r  t u b e s  being exposed t o  more 
p o t e n t i a l  fou l ing  m a t e r i a l  per un i t  energy generated.  However, t h e  

The amount of ash ,  t o t a l  Sul fur ,  t i t a n i a  (Ti02) ,  potash (K20), s i l i c o n  

The r e l a t i o n s h i p  between foul ing  and 

The r e l a t i o n s h i p  here  is more l i n e a r  than t h e  one observed 
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s i g n i f i c a n t  s c a t t e r  in t h e  r e l a t i o n s h i p  of ash y ie ld  and depos i t  weight would 
preclude t h e  use of on ly  ash a s  a pred ic tor .  

Both sodium ( 5 )  and ash  y ie ld  have been shown t o  enhance foul ing  behavior  
(6 ) .  I f  we p l o t  sodium, ash,  and depos i t  weight on a three-dimensional 
diagram (Figure 3) we  can see t h e  r e l a t i v e  inf luence  of t h e  two v a r i a b l e s  on 
depos i t  weight. 

Figure 3 i n d i c a t e s  t h a t  low sodium, low ash  coa ls  are low foul ing  coa ls .  High 
foul ing  c o a l s  are having with moderate t o  low amounts of sodium b u t  high ash  
y i e lds .  Deposit weights a r e  more v a r i a b l e  when ash  y i e l d s  a r e  low t o  moderate 
and sodium va lues  are moderate t o  high. 

The use of ash  and sodium together  as p r e d i c t o r s  of foul ing  may be more 
r e l i a b l e  than t h e  use  of sodium alone,  however, we had r e l i a b l e  p r e d t c t i o n s  
only in end member s i t u a t i o n s  (low sodium, very high ash) .  One o r  two c o a l  
composition v a r i a b l e s  cannot adequately expla in  o r  p r e d i c t  fou l ing  behavior. 
Consequently, we used mul t ip le  regress ion  a n a l y s i s  t o  develop a model t o  
explain the  v a r i a t i o n  of fou l ing  d e p o s i t  weight va lues  in t h e  development d a t a  
set. 

THE REGRESSION MODEL. 

The regress ion  model we found t h a t  b e s t  f i t s  t h e  foul ing  depos i t  weights  i n  
t h e  development d a t a  s e t  is glven in equat ion 1. The v a r i a b l e s  incorpora ted  
into t he  model and t h e i r  b a s i s  are l i s t e d  i n  Table 3. The model c a l c u l a t e s  
t h e  logari thm of t he  foul ing  depos i t  weight in terms of grams of d e p o s i t  per  
mi l l ion  Btu f i r e d  and i t  incorpora tes  T i O p ,  t o t a l  s u l f u r ,  ash  y i e l d ,  Ca/S, and 
a f a c t o r  c a l l e d  t h e  a l k a l i  r a t i o .  This  l a t t e r  term is ca lcu la ted  by us ing  
calcium, magnesium, sodium, and potassium oxide va lues  and t h e  ash  y ie ld .  The 
foul ing  predic t ion  equat ion is: 

loglo(PW) = 1.21 + 0.45 (loglOTi) + 1.46 (logloS) + 0.38 (loglOASH) 

+ 1.14 (loglOCa/S) + 0.63 (logloAIX) 

Where: FDU = Fouling Deposit Weight (grams/mll l ion Btu) 
Ti = Titanium Dioxide X ( s u l f a t e - f r e e  ash) 
S = Sulfur  % (dry  coa l )  
M E  = Ash Yield % (dry  coa l )  

Ca/S = Calcium/Sulfur (both X w t .  of d r y  coa l )  
Ash % (dry  * (Na20 + .659K20) **m ____________-______---_--_--- (alkali ratio) 

CaO + MgO 

** Na20, K 2 0 ,  CaO, and MgO a r e  a l l  on a X of su l fa te - f ree  a s h  bas is .  

To use  t h e  model, t h e  coa l  q u a l i t y  information requi red  is:  
(percent  d r y  c o a l ) ,  s u l f u r  (percent  d r y  c o a l ) ,  and t i tanium, sodium, calcium, 
potassium, and magnesium oxides (percent  s u l f a t e - f r e e  ash). The calcium- 
s u l f u r  r a t i o  and t h e  a l k a l i  r a t i o  are then calculated.  Then t h e  logar i thm of 
each parameter in Table 3 is ca lcu la ted  and i n s e r t e d  in equat ion 1. The 
r e s u l t  of t h e  c a l c u l a t i o n  i s  t he  base 10  logari thm of the  foul ing  d e p o s i t  
weight. 
t h e  pred ic ted  foul ing  depos i t  weight. 

ash y i e l d  

This can then be converted d i r e c t l y  t o  grams depos i t  per m i l l i o n  Btu, 
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In Figure 4, p r e d i c t e d  and observed depos i t  weight va lues  a r e  p lo t ted .  
proximity of t h e  p o i n t s  t o  t h e  p a r f t y  l i n e  i n d i c a t e s  t h a t  t h e  model and a c t u a l  
d a t a  a r e  i n  good agreement. Also, the  r-squared value,  0.84, i s  h igh  and 
s i g n i f i c a n t  and i n d i c a t e s  t h a t  a s i g n i f i c a n t  amount of t h e  v a r i a b i l i t y  i n  
a c t u a l  f o u l i n g  d e p o s i t  weight i s  explained o r  accounted f o r  by t h e  model. The 
sum of t h e  squared r e s i d u a l s  is 1.35. This  v a l u e  is low r e l a t i v e  t o  those 
obtained f o r  o t h e r  p o t e n t i a l  models t h a t  we tes ted .  I n  a d d i t i o n ,  a l l  of the  
v a r i a b l e s  included in t h e  model, except t h e  calcium-sulfur r a t i o ,  c o r r e l a t e  
with foul ing  d e p o s i t  weight. 

The 

TESTING THE MODEL 

Our t e s t  of t h e  r e g r e s s i o n  model us ing  t h e  smaller  t e s t  d a t a  s e t  shows t h a t  
t h e  model works w e l l .  The a c t u a l  versus  pred ic ted  f o u l i n g  depos i t  weights f o r  
t h e  t e s t  samples a r e  p l o t t e d  in Figure 5. A s  with the  development da ta  s e t ,  
p o i n t s  a r e  c l u s t e r e d  along t h e  p a r i t y  l i n e .  However, f o r  t h e  test d a t a ,  the  
r-squared v a l u e  1s lower than t h a t  ca lcu la ted  f o r  t h e  development d a t a  because 
the range i n  v a l u e s  i n  t h e  t e s t  d a t a  s e t  i s  more l imi ted  and t h e r e  a r e  fewer 
observat ions.  

We recognize t h a t  t h e  model is subjec t  t o  e r r o r .  
logari thmic s c a l e  t h u s  small  d e v i a t i o n s  from t h e  p a r i t y  l i n e  could r e s u l t  i n  
e r r o r s  of s e v e r a l  10's of grams per  m i l l i o n  Btu. However, a comparison of 
Figures  4 and 5 with F igure  1 shows t h a t  our model is super ior  t o  sodium oxide 
a s  a predic tor  of f o u l i n g  depos i t  weight. 

The e r r o r  a s s o c i a t e d  with any ind iv idua l  p r e d i c t i o n  is approximately 20-30 
percent of t h e  c a l c u l a t e d  foul ing  depos i t  weight. This f i g u r e  is  based on t h e  
range of d i f f e r e n c e s  between a c t u a l  and predic ted  va lues  f o r  a l l  t h e  
observa t ions  i n  both t h e  development and t e s t  d a t a  sets. We found t h a t  90 
percent of the  d i f f e r e n c e s  were <57 grams per m i l l i o n  Btu, 75 percent  of t h e  
d i f f e r e n c e s  were <28 grams per  mi l l ion  Btu, and 50 percent  of the d i f f e r e n c e s  
were l e s s  than 15 grams per  m i l l i o n  Btu. Also, the  l a r g e s t  e r r o r s  occurred in 
samples t h a t  had very  high a c t u a l  fou l ing  d e p o s i t  weights. 
t h i s  range a r e  acceptab le  because, once d e p o s i t  weights exceed 150 grams per 
mi l l ion ,  a severe  f o u l i n g  problem e x i s t s  and a c t u a l  depos i t  weights a re  
r e l a t i v e l y  unimportant. 
values ,  below 150 grams per  m i l l i o n  Btu. 
can be used t o  e s t i m a t e  f o u l i n g  depos i t  weight t o  within 15-30 grams per 
mi l l ion  Btu, o r  l e s s ,  an acceptab le  margin of e r r o r .  

The p l o t s  a r e  on a 

Large e r r o r s  i n  

Accuracy i s  requi red ,  howver ,  i n  the  lower range of 
Our d a t a  i n d i c a t e  t h a t  equat ion 1 

DISCUSSION 

We bel ieve  t h a t  t h a t  f o u l i n g  behavior  of low-rank c o a l  i s  p r e d i c t a b l e  but t h a t  
p red ic t ions  wtll n o t  be r e l t a b l e  when based on information from only one or 
two q u a l i t y  var iab les .  
complex process  (combustion) a c t i n g  on a complex mater ia l  ( t h e  coa l ) .  
Therefore ,  p r e d i c t i n g  t h e  foul ing  behavior of any coa l  will t o  depend o n  a 
v a r i e t y  of c o a l  components, t h e i r  r e l a t i v e  amounts, t h e i r  mode of occurrence, 
and on furnace condi t ions .  

Foul ing is a complex phenomenon t h a t  involves  a 
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A v a r i e t y  of components in t h e  c o a l  i n t e r a c t  with one another  during 
combustion t o  form or  r e t a r d  t h e  formation of f o u l i n g  depos i t s .  These 
components include t h e  t o t a l  ash y i e l d  of t h e  c o a l ;  s u l f u r  conten t ;  and t h e  
amount of sodium, calcium, magnesium, potassium, and perhaps s i l i c a .  The ash  
content ,  p a r t i c u l a r l y  t h e  more s i l i c e o u s  minera ls ,  forms t h e  bulk  or aggregate  
of t h e  foul ing  depos i t s .  Calcium, s u l f u r ,  sodium, e tc . ,  i n t e r a c t  t o  i n f l u e n c e  
how much and what types  of m a t e r i a l s  w i l l  bind t h i s  s i l i c e o u s / a s h  aggregate  
together  and t o  t h e  b o i l e r  tubes. Coal t h a t  h a s  a low ash  y i e l d  e x h i b i t s  low 
foul ing  behavior. 
behavior bu t  only i f  t h e r e  is s u f f i c i e n t  adhesive m a t e r i a l  t o  amalgamate t h e  
deposi t .  
f o r  ins tance)  may be inadvisable  i f  ash  y i e l d s  a r e  a l ready  very low. The 
aggregate o r  bulk phase of t h e  foul ing  depos t t  is accounted f o r  in our model 
by ash ,  by ash a s  p a r t  of t h e  a l k a l i  r a t i o ,  and a l s o  by t h e  Ti02 f a c t o r ,  which 
we b e l i e v e  i s  i n d i c a t i v e  of t h e  d e t r i t a l  component of t h e  c o a l  ash. 

The binding, o r  hardening, of t h e  d e p o s i t s  is, in our opinion,  t h e  l e a s t  
understood and probably t h e  most complex aspec t  of t h e  f o u l i n g  depos i t  
formation. In  our  view of f o u l i n g  depos i t  formation, t h e  sodium and potassium 
ions re leased  by c o a l  combustion compete with t h e  calcium and magnesium ions 
f o r  su l fur .  There is evidence t h a t  potassium and sodium s u l f a t e s  a r e  present  
in foul ing  d e p o s i t s  or  p lay  a r o l e  In t h e i r  formation (7 ) .  
l e s s  c l e a r  f o r  calcium and magnesium s u l f a t e s .  Howver, in our opinion t h e  
calcium and magnesium s u l f a t e s  do not p a r t i c i p a t e  a s  a binding phase i n  
foul ing  depos i t  formation,  but  may,however. be incorporated i n t o  the d e p o s i t  
a s  i n e r t  mater ia l .  

The s u l f u r ,  Ca/S. and a l k a l i  r a t i o  f a c t o r s  in equat ion 1 a l l  r e l a t e  t o  this  
binding phase of t h e  f o u l i n g  depos i t .  The s u l f u r  content  is obviously 
important ,  f o r ,  without s u l f u r ,  no binding phase could be present .  The 
calcium-sulfur r a t i o  is a measure oE how much s u l f u r  w i l l  be bound by calcium 
and is, thus ,  not a v a i l a b l e  t o  binding by sodium. The a l k a l i  r a t i o  is a 
measure of t h e  q u a n t i t y  of a l k a l i  e lements  t h a t  have been p o s i t i v e l y  l inked  t o  
depos i t  formation (sodium and potassium [ 8 ,  9 ) )  r e l a t i v e  t o  t h e  elements t h a t  
may have a negat ive impact on depos i t  formation (calcium and magnesium). 

F i n a l l y ,  we be s t r e s s  t h a t  t h e  model proposed in equat ion 1 is based 
p r i n c i p a l l y  on the degree of f i t  between the  modeled d a t a  and t h e  a c t u a l  d a t a ,  
moderated by our percept ion  of how v a r i o u s  components in coal  may behave 
during t h e  formation of f o u l i n g  depos i t s .  The model is redundant because a s h  
y i e l d  is represented in two p l a c e s  and t h e  binding phase of t h e  foul ing  
depos i t s  is represented  by t h r e e  terms. Two f a c t o r s  cause t h i s  redundancy. 
F i r s t ,  t h e  mode of occurrence of the  elements  in t h e  model a f f e c t s  t h e  re- 
a c t i v i t y  of t h e  elements, in foul ing  depos i t  formation. Our model does not  
take  mode of occurrence i n t o  account. Second, t h e  development and test d a t a  
sets a r e  heavi ly  biased towards moderate foul ing  coals .  Only a few examples 
of coa l  t h a t  had extreme foul ing  behavior were a v a i l a b l e  f o r  i n c l u s i o n  in t h e  
d a t a  s e t .  Inc lus ion  of more low and h i g h  f o u l i n g  coa l  samples in t h e  d a t a  s e t  
might c l a r i f y  t h e  s i t u a t i o n  and r e s u l t  in a l e s s  redundant and more 
t h e o r e t i c a l l y  sound model. However, given t h e  d a t a  c u r r e n t l y  a v a i l a b l e ,  t h i s  
model does a good j o b  of a c c u r a t e l y  p r e d i c t i n g  f o u l i n g  behavior and i t  i s  
c l e a r l y  an improvement over t h e  convent ional  (sodium) index c u r r e n t l y  i n  use. 

Coal t h a t  has  a high ash  y i e l d  e x h i b i t s  extreme f o u l i n g  

Consequently, d i l u t i n g  high-sodium c o a l  with ash m a t e r i a l  ( roof  rock 

The p i c t u r e  is 
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CONCLUSIONS 

We have developed a new model f o r  p r e d i c t i n g  the foul ing  behavior of low 
rank coal .  The model i s  based on commonly a v a i l a b l e  c o a l  q u a l i t y  data. 

The proposed model has  the  p o t e n t i a l  t o  provide accura te  q u a n t i t a t i v e  
estimates of f o u l i n g  d e p o s i t  weight p e r  m i l l i o n  B t u .  

T h i s  model i s  more accura te  in p r e d i c t i n g  foul ing  behavior than t h e  sodium 
index. 

Actual combustion tests of unknown coals need t o  be conducted t o  f u l l y  
tes t  t h e  u t i l i t y  of t h i s  model. 

The f o u l i n g  p o t e n t i a l  of a c o a l  cannot be adequately evaluated by using 
one or t m  composi t ional  var iab les .  A m u l t i v a r i a t e  approach is more ap t  
t o  y i e l d  r e l i a b l e  e v a l u a t i o n s  of Pouling behavior. 
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Figure 1.--Relation of sodium content to Fouling Deposit Weight. 
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Figure 2.--Relation of coal ash y i e l d  to Fouling Deposit Weight. 
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Figure 3.--Relation of ash and sodium contents to Fouling Deposit Weight. 
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Figure 4.--Log/log plot of actual versus predicted Fouling Deposit 
Weight using our multivariate model (development data). 

PREDICTED VALUE 

Figure 5 .--Log/log plot of actual versus predicted Fouling Deposit 
Weight using our multivariate model (test data). 
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Ash (dry)  

Btu (dry)  

Carbon (daf=dry  ash- f ree)  

Hydrogen (daf )  

Nitrogen (daf)  

Oxygen (daf )  

V o l a t i l e  Matter (daf )  

Sul fur  (dry)  

SiOz ( s u l f a t e - f r e e  ash) 

AI2O3 ( s u l f a t e - f r e e  ash)  

T i 0 2  ( s u l f a t e - f r e e  ash)  

FeZ03 ( s u l f a t e - f r e e  ash)  

CaO (su l fa te - f  r e e  ash) 

MgO ( s u l f a t e - f r e e  ash)  

K 2 0  ( s u l f a t e - f r e e  ash) 

Na20 ( s u l f a t e - f r e e  ash)  

S i l i c o n  (dry  c o a l )  

Aluminum ( d r y  coal) 

Sodium (dry  c o a l )  

Calcium ( d r y  c o a l )  

SiO,/M203 
Ca/S ( d r y  coa l )  

Base-Acid Rat io  

Alka l i  Rat io  

11.73 

10634 
71 -89 
4.75 
1.16 
20.68 
48.25 
1.29 
32.75 

15.02 
0.68 

11.62 
25 -45 
7.06 
0.61 

6.26 
1.64 

0.78 
0.39 

1.59 
2.25 

1.83 
1.21 
2.75 

Deposit Weight (@/lo6 Btu) 112.7 

5.78 - 29.06 
8400 - 12110 
68.81 - 77.94 
2.78 - 5.73 
0.99 - 1.86 

15.73 - 24.49 
42.41 - 55.13 
0.29 - 4.13 
15.20 - 61.50 
8.50 - 22-90 
0.20 - 1.70 

1-80 - 24.50 
6.00 - 45.70 
0 - 13.00 
.lo - 2.50 

-20 - 19.5 
.43 - 7.71 

-27  - 2.78 
.02 - 1.34 

-27 - 2.70 
1.11 - 5.02 

-27 - 9.26 
-22 - 3.15 

.i4 - 23.48 
2.90 -678.81 

*Function appl ied  t o  those v a r i a b l e s  whose n a t u r a l  frequency d i s t r i b u t i o n  
d i d  n o t  approximate a normal d i s t r l b u t i o n .  
approximate a normal d i s t r i b u t i o n .  

All values  except  d e p o s i t  weight, Btu, and r a t i o s  are percentages on basis 
shown. 

Transformed va lues  do 
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Table 2.--Coal q u a l i t y  v a r i a b l e s  t h a t  s i g n i f i c a n t l y  c o r r e l a t e  with 
foul ing  d e p o s i t  weight (g /mi l l ion  Btu) 

Variable  Corre la t ion  Coeff ic ien t  

Ash (percent  w t .  of d r y  coa l )  
Sulfur  (percent  w t .  of dry  c o a l )  
Btu/ lb  (dry  c o a l )  
Ti02 (percent  w t .  of su l fa te - f ree  ash)  
K20 (percent  w t .  of s u l f a t e - f r e e  ash)  
V o l a t i l e  Matter (da f )  
Si (percent  wt .  of d r y  coa l )  
Na (percent  w t .  of d r y  coa l )  
A l  (percent  w t .  of d r y  coa l )  
Alka l i  Rat io  
Na20 (percent  w t .  of su l fa te - f ree  ash)  

0.67 
0.49 
-0.61 

0.39 
0.36 

0.52 
0.43 
0.49 
0.44 
0.65 

NS* 

*NS = not  s i g i n f i c a n t  

Table 3.--List of c o a l  q u a l i t y  v a r i a b l e s  used i n  pred ic t ion  of foul ing  
depos i t  welghc (g /ml l l ion  Btu) 

Qual i ty  Parameter Basis 

I 

Titanium Oxide (Ti02) 
Ash Yield 
Tota l  Sul fur  
Calcium Oxide (CaO) 
Sodium Oxide (Na 0) 
Potassium Oxide tK20) 
Magnesium Oxide ( M g O )  

percent  wt .  of su l fa te - f ree  ash  
percent  w t .  of d ry  coa l  
percent  wt .  of dry  c o a l  
percent  w t .  of s u l f a t e - f r e e  ash  
percent  wt .  of su l fa te - f ree  ash  
percent  w t .  of su l fa te - f ree  ash  
percent  w t .  of su l fa te - f ree  ash  
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